The effect of electrode material on the formation of formate and syngas using these solutions are then presented and commented.
Introduction
Since the industrial revolution the harnessing of fossil fuels by combustion for energy and transportation has seen atmospheric levels of CO2 steadily rise. 1, 2 One concern is that the rate of growth in the global CO2 concentration in the atmosphere is associated with rising global temperatures and sea levels. 3 Given the potential implications of global warming, strategies to capture and/or convert CO2 provide the subject of much scientific endeavour. 4 Aside from a greenhouse gas, CO2 can be considered as an abundant, renewable and low cost C1 building block for the production of fuels or as a feedstock for industrial chemical synthesis. The synthesis of fuels is particularly attractive given the carbon neutrality of the product.
Electrochemical reduction offers a viable route to this goal owing to the potential to reduce CO2 at high efficiencies and selectivity also with the ability to harness electrical energy from renewable sources. 5, 6 The main barrier being the thermodynamic stability and the kinetic inertness of CO2, due to the first electron reduction of linear CO2 to form the bent [ Attempts have been made to reduce this potential by employing various catalysts, such as recently reported reductions on Fe3S4 surfaces. 8 Ionic liquids ‡ (ILs) have been employed as CO2 capture agents and electrochemical conversion mediums due to their intrinsic ionic conductivity, wide potential windows and CO2 solubility levels. [9] [10] [11] [12] ILs generally physically absorb CO2 into the solution free volume. Reports have shown that ILs can act to stabilise the first electron reduction of the physically absorbed CO2 by complexation of the reduction product with the IL cation. 12 This significantly reduces the energy required to form the , was then reacted with alcohols forming dialkyl carbonates. [13] [14] [15] Further studies used hydrated ILs, to provide a source of H 
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H2 production was also suppressed due to the cation forming a monolayer on the electrode surface. 16 Further improvements have been reported by employing a MoS2 working electrode resulting in overpotentials as low as 0.054 V. 17 Product selectivity has also been observed upon altering the IL anion. For example, using Fischer and was found to be < 0.1 wt% for all ILs. Halide content was below the detectable limit by AgNO3 testing.
Electrochemical experiments
Cyclic voltammograms (CVs) were recorded using an Ecochemie Autolab Potentiostat/Galvanostat (PGSTAT302) and carried out using a three-electrode arrangement with a Au or Pt working electrode 
Gas Phase detection
The gas phase of the reaction was analysed using a Perkin Elmer Clarus 500 Gas chromatograph equipped with a TCD and FID (with methanizer) fitted with a packed column (stainless steel, 30 ft, 1/8 inch OD, 2.0 mm ID packed with Haysep DB 100/120 mesh). The gaseous products were transferred to the GC by connecting up the cell and injecting the contents of the gas tight syringe attached to the cell into the GC. H2 was quantified using the TCD and CO using the FID.
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Results and discussion To test this theory 1,2,4-triazole was deliberately added to a solution of hydrated 0.1 mol·L The large reduction current at -1.8 V, observed upon the addition of H2O shows a large anodic shift compared to the onset of the large reduction current in the Ar saturated sample. This is proposed to be due to reduction of H2O to H2. This region also increases in current when deliberately adding 1,2,4-triazole to the electrolyte, suggesting that generation of H2 from the reduction of 1,2,4-triazole may also contribute to this current. In addition, a small oxidative stripping peak is observed at -1. Saturation of the hydrated IL mixture with CO2 ( Figure 1 green) resulted in an increase in current at -0.9 V followed by a rapid increase in current at -1.6 V. The peak at -0.9 V shows an increased current and greater anodic shift when compared to the hydrated sample. The large increase in current observed at -1.6 V shows an anodic shift on comparison to Ar saturated and hydrated samples.
Previous reports on Ag electrodes have suggested reduction at less negative potentials (-0.7 V) could be assigned to the reduction of CO2 chemically bound to the [124Triz]
anion while reductions at more negative potentials (-1.9 V) could be assigned to the reduction of physically absorbed CO2 (Scheme 4 eqs. 2,3 and 4,5, respectively). 18 The reduction of physically absorbed CO2 at - Interestingly, the potential for reduction of CO2 over Au reported, herein, at -0.9 V is the lowest potential, to the best of our knowledge, reported to date using ionic liquid systems showing the potential of reactive IL to enhance the electrochemical activity.
Scheme 4 -Suggested CO2 reduction processes occurring on the working electrode.
Assuming similar mechanisms take place at the Au electrode, this suggests that chemically bound CO2 can be reduced at less negative potentials on Ag than Au (-0.7 V compared to -0.9 V) but reduction of physically bound CO2 occurs at less negative potentials on Au than Ag (-1.6 V vs. -1.9 V). One plausible explanation would be that Ag is more catalytically active than the Au and, therefore, the IL is more strongly bound to the Ag electrode than the Au. This may suggest that the chemically bound CO2 on Ag can be reduced at less negative potentials due to the increased contact with the electrode but the physically absorbed CO2 is blocked by the IL requiring more negative potentials for reduction. Reduced binding in the Au system suggests the physically absorbed CO2 has easier access to the electrode and, therefore, physical absorbed reduction occurs at a less negative potential than on Ag but reduction of the chemically absorbed CO2 requires a more negative potential than in the Ag system.
Pt working electrode
CVs relating to the use of a polished Pt working electrode (0.16 cm 2 ) are displayed in Figure 2 , the CV after purging with Ar is shown in blue. An increase in current is observed at -1.6 V followed by the start of a rapid current increase at ca. 
Both Au and Pt display similar reduction potentials for CO2 bound to the [124Triz]
anion (-0.9 V), which are more negative than reduction on Ag (-0.7 V). However, the reduction of physically bound CO2 is less negative for Pt than Au (-1.4 V and -1.6 V respectively), both of which are less negative than Ag (-1.9 V). It is important to note that the Pt is more catalytically active than both the Au and Ag and, therefore, should show a higher activity. However, as a result of this increased activity Pt will also bind the IL more strongly than the Ag, therefore, the results suggest that a balance between activity and adsorption strength is required for CO2 reduction at lower potentials. As CO is also formed during these experiments and the binding of CO to Pt will be much stronger than on Ag or Au, site blocking from the CO may also be contributing to the observed differences between the electrode performance.
Electrolysis Study
Electrolysis was performed in CO2 saturated and hydrated (0.7 mol·L H NMR and gas phase by gas chromatography (GC). The reported values for the analogous electrolysis using Ag electrodes is displayed in Figure 3 . While Ag electrodes are reported to display Faradic efficiencies of 95% at -0.7
V with an applied potential of 0.17 V, electrolysis on Au and Pt at this potential resulted in no detected reduction product. Therefore, electrolysis was also performed at -1.9 V and -0.9 V to test for reduction of physical and chemical absorbed CO2, respectively, using these electrodes. The experiments were also performed at these potentials with Ag for comparison (Figures 3 and 4) , although it should be noted electrolysis at -0.9 V is not the optimum potential for formate production on Ag. The open circuit potential (OCP) prior to electrolysis, but after CO2 saturation was measured at -0.45 V, suggesting an applied potential of -0.45 and -1.45 V for potential holds of -0.9 and -1.9 V, respectively. A comparison with the reported values for the analogous electrolysis using Ag electrodes is displayed in Figure 3 . Electrolysis on Ag resulted in considerably less formate at both -0.9 and -1.9 V, it should be noted the maxima for formate production is -0.7 V at which potential considerably more formate is produced than on the Au electrode.
GC analysis of the headspace gas mixture after electrolysis showed both CO and H2 were formed with 0.0022 mmol and 0.0027 mmol of CO produced at -0.9 V and -1.9 V, respectively. This is assigned to However, formate production at both potentials was not significantly different from the amount produced using the Au electrode. The OCP prior to electrolysis, but after CO2 saturation was more negative than that previously found on Au, it was measured at -0.60 V giving smaller applied potentials of 0.3 and 1.3 V for electrolysis at -0.9 and -1.9 V, respectively. CO was detected at both -0.9 and -1.9 V; however, the amount of CO detected was significantly reduced at both potentials compared with the analogous reductions over Au and Ag. No H2 was detected at -0.9 V while significantly more H2 was detected at -1.9 V on Pt than Au, as expected. This corresponds with previous reports which shows the order in ability to catalyse the hydrogen evolution reaction is Pt > Au > Ag. 24 This in turn relates to the observed reduction potentials after the addition of H2O on Pt, Au and Ag electrodes (-1.5,-1.8 and -1.9 V, respectively). However, more H2 is detected for Ag electrodes at -1.9 V than over Pt this is surprising given Ag has the most negative onset potential for reduction of H2O to H2. Previous reports have stated the IL cation may suppress hydrogen production by blocking H2O binding. As such, the disparity in hydrogen production may indicate a differing affinity for the cation to the three electrode surfaces, of the order Ag < Pt < Au as well as the ability of the electrode material to activate water. As such, the production of H2 and CO may be a balance between catalytic activity (through onset potentials) and binding energy of the reduced species.
Pt electrode
Overall, for all three electrodes (Ag, Au and Pt) the trend in the species formed during the reduction is the same, i.e. less negative potentials favour formate whereas more negative potentials favour CO and H2. The main difference between the electrodes is the potential at which the maxima/optimum for each species occur. For example, for formate production, on the Ag electrode this occurs at -0.7 V, which is less negative than found Au and Pt. In addition, it is clear that as the potential becomes more negative the Faradaic efficiency for the species detected decreases for all three electrodes.
Conclusions
We have shown the CO2 saturated super basic IL [P66614][124Triz] can be reduced on Au and Pt electrodes to produce formate and syngas. Two reaction pathways appear to exist at -0.9 V and -1.9 V.
Formate is formed in increased quantities at -0.9 V over -1.9 V on both electrode surfaces with Faradaic efficiencies of ca. 50 % for both electrode surfaces. The production of CO is higher on Au electrodes than Pt electrodes for both electrolysis potentials of -0.9 and -1.9 V. The production of hydrogen, only observed at -1.9 V, is ca. 3 times higher on Pt electrodes, enabling the ratio of CO:H2 in the syngas mixture to be influenced by electrode choice. The reduction of physically bound CO2 is shown to occur at similar potentials on Au electrodes to those reported for ILs that only physically absorb CO2, such as [C4mim][BF4], albeit at lower Faradaic efficiencies. 23 Formate production in ionic liquids has been previously reported to occur on indium surfaces using hydrated CO2 saturated The behaviour is in good agreement with our proposed onset of reduction of physically bound CO2. In the present study, the binding of CO2 is much stronger and, thus, formate production on Au and Pt electrodes, from the chemically bound
